To obtain a better understanding of the cortical representation of bimanual coordination, we measured regional cerebral blood flow (rCBF) with 15 O-labeled water and positron emission tomography (PET). To detect areas with changes of rCBF during bimanual finger movements of different characteristics, we studied 12 righthanded normal volunteers. A complete session consisted of three rest scans and six scans with acoustically paced (1 Hz) bimanual, mirror, or parallel sequential finger movements. Activation of the right dorsal premotor area (PMd) extending to the posterior supplementary motor area (SMA) was significantly stronger during the parallel movements than during the mirror sequential movements ( p Ͻ 0.05, at cluster level with correction for multiple comparisons). To determine whether these cortical areas truly represented bimanual coordination, a different group of nine normal volunteers was studied with a different task. Subjects performed acoustically paced (2 Hz) abduction-adduction movements of the index finger, making right only, left only, and bimanual mirror and parallel movements. Activation of the posterior SMA and right PMd was significantly greater during the parallel movements than during the bimanual mirror movements or the unimanual movements of either hand ( p Ͻ 0.01, with anatomical constraint). Thus, the posterior SMA and right PMd appear to be related to the bimanual coordination of finger movements.
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The neuroanatomical basis of coupling of bimanual coordination is poorly understood. Because distal hand movement is controlled mainly by the contralateral hemisphere Kuypers, 1972, 1973) , there needs to be interhemispheric coupling. Interand intrahemispheric interconnections among primary motor cortex, premotor cortex, and supplementary motor area (SMA) suggest that interhemispheric connections may be mediated primarily by the SMA (Rouiller et al., 1994) . Lesions of the SMA disrupt bimanually coordinated movement (Brinkman, 1981 (Brinkman, , 1984 Freund, 1990) , but whether this is discoordination of the muscle activation pattern or failure to program or execute movement strategies, which would be more complex with bimanual interactions, remains unclear (Donoghue and Sanes, 1994) . To depict the neuroanatomical substrate for bimanual coordination, we measured regional cerebral blood flow (rCBF) with 15 O-labeled water and positron emission tomography (PET) during bimanual, sequential finger movements. The comparison of bimanual and unimanual movements by the functional neuroimaging technique is made difficult by the overlap of the cortical regions representing the right and left unimanual movements. Because it is well known that sequential finger movements activate the primary and nonprimary motor cortex bilaterally (Rao et al., 1993; Shibasaki et al., 1993; Sadato et al., 1996) , a simple subtraction method cannot be applied. Instead, we used detection of changes in rCBF in accordance with differences in characteristics of the bimanual movements. Because previous neurological and animal studies suggest that the "default" state for bimanual control produces mirror movements (Brinkman, 1981 (Brinkman, , 1984 Chan and Ross, 1988) , the areas that showed the greatest activation during the nonmirror bimanual movements are likely to have some role in bimanual coordination. We also used simpler bimanual and unimanual movements to determine whether these particular areas were more activated during bimanual movements than during unimanual movements, and whether the activation was sequence-dependent.
MATERIALS AND METHODS
The experiment consisted of two tasks in a total of 21 subjects, all of whom were right-handed according to the Edinburgh inventory (Oldfield, 1971 ). The protocol was approved by the Institutional Review Board, and all subjects gave their written informed consent for the study. A small plastic catheter was placed in the cubital vein of each subject's left arm for injection of the radioisotope. The subjects lay in a supine position with their eyes closed and patched and their heads immobilized with an elastic band and sponge cushions.
E xperiment 1: bimanual movements with different characteristics. We studied 12 normal volunteers, all men, aged 19 -25 years (mean, 22.3 years). Each subject had nine consecutive PET scans, with a 10 min interval between scans. A complete session consisted of three rest scans and six scans with acoustically paced, bimanual, sequential finger movements in mirror and parallel conditions (Table 1) . Subjects were trained before the PET scans to perform the sequences without difficulty. For the rest scans, subjects lay quietly, listening to a metronome sounding at a frequency of 1 Hz. No attempt was made to control the subjects' thought content or attention during rest. Both hands were placed in a prone position on a flat board. For the movement scans, subjects briskly and precisely tapped the board with the fingers of both hands at a frequency of 1 Hz. The finger movements were paced to the beat of the metronome, which began sounding 8 sec before the isotope injection and continued for 3 min. The whole sequence was started at the same time and performed repeatedly for 45 times in each condition. The finger movements were monitored and recorded by a video camera. Performance of the sequence was assessed by calculating the percentage of correct sequences. No omission of taps was observed. The three conditions (rest, mirror, and parallel) consisted of one trial block. Within each trial block, the order of the three conditions was randomized across all subjects. Trial blocks (Trials 1, 2, 3) were repeated three times in each subject.
E xperiment 2: simple abduction-adduction movements of the inde x finger. We studied nine different normal volunteers, men, aged 22-27 years (mean, 24.3 years). Each subject had 10 consecutive scans at 10 min intervals. Each subject performed acoustically paced (2 Hz) abductionadduction movements of the index finger: right only, left only, mirror, and parallel, each of which was performed twice, on the same board as in E xperiment 1. The direction of the movement was alternated at each beat of the metronome. In the mirror movements, simultaneous abduction was alternated with adduction of both index fingers. In the parallel movements, the task was simultaneous adduction of the other index finger, with repeated alternation of the direction. The first and last scans were performed under the rest conditions. The eight scans in between were for the task conditions. The order of the four conditions (right only, left only, mirror, and parallel) was counterbalanced and randomized across the subjects. Other settings were identical to Task 1.
PET scans. The PET scans were performed with General Electric Advance tomograph (GE/Yokogawa Medical System, Tokyo, Japan), with the interslice septa retracted. The physical characteristics of this scanner have been described in detail by De Grado et al. (1994) and Lewellen et al. (1996) . This scanner acquires 35 slices with an interslice spacing of 4.25 mm. In the three-dimensional mode, the scanner acquires oblique sinograms with a maximum cross-coincidence of Ϯ11 rings. A 10 min transmission scan using two rotating Ge-68 sources was performed for attenuation correction. Images of CBF were obtained by summing the activity during the 60 sec period after the first detection of an increase in cerebral radioactivity after the intravenous bolus injection of 10 mCi of 15 O-labeled water (Sadato et al., 1995) . The images were reconstructed with the Kinahan-Rogers reconstruction algorithm (Kinahan and Rogers, 1989) . Hanning filters were used, giving transaxial and axial resolutions of 6 and 10 mm [full width at half maximum (FWHM)], respectively. The field of view and pixel size of the reconstructed images were 256 and 2 mm, respectively. No arterial blood sampling was performed, and thus the images collected were those of tissue activity. Tissue activity recorded by this method is nearly linearly related to rCBF (Fox et al., 1984; Fox and Mintun, 1989) .
Anatomical MR I. For anatomical reference, a high-resolution wholebrain magnetic resonance image (MRI) for each subject was obtained separately. A regular head coil and a conventional T1-weighted, spoiledGrass volume sequence with a flip angle of 30°, echo time of 5 msec, repetition time of 33 msec, and field of view of 24 cm were used. Matrix size was 256 ϫ 256, slice thickness was 1.5 mm, and pixel size was 0.937 ϫ 0.937 mm. These volume data of 124 sagittal slices were interpolated and resliced to transaxial images with voxel size of 0.937 ϫ 0.937 ϫ 0.937 mm. Each high-resolution image was normalized to the template T1-weighted images with linear transformation. Because mesial surface is variable in its gyral anatomy, the location of the activated areas in relation to the cingulate sulcus was examined on the normalized MRIs. The cingulate sulcus was identified on the contiguous sagittal images of each anatomically normalized high-resolution MRI with the method proposed by Steinmetz et al. (1989) . The distance along z axis between the peak activation and the cingulate sulcus of each subject was measured.
Data analysis. The data were analyzed with statistical parametric mapping (SPM95; Wellcome Department of Cognitive Neurology, London, UK) implemented in Matlab (Mathworks Inc., Sherborn, MA) (Friston et al., 1989 (Friston et al., , 1990 (Friston et al., , 1994 (Friston et al., , 1995a . The scans from each subject were realigned using the first image as a reference. After realignment, all images were transformed into a standard stereotaxic space (Talairach and Tournoux, 1988) and filtered with a Gaussian kernel of 10 mm FWHM in the x, y, and z axes. After the appropriate design matrix was specified, the condition, subject, and covariate effects were estimated according to the general linear model at each and every voxel. The design matrix included global activity as a confounding covariate, and this analysis can therefore be regarded as an ANCOVA (Friston et al., 1990) . To test hypotheses about regionally specific condition effects, the estimates were compared using linear contrasts. The resulting set of voxel values for each contrast constitute a statistical parametric map of the t statistic SPM(t). The SPM(t) was transformed to the unit normal distribution [SPM( Z)]. The threshold of SPM( Z) was set at Z Ͼ 2.3. The resulting foci were characterized in terms of spatial extent (k) and peak height (u). The significance of each region was estimated using distributional approximation from the theory of Gaussian fields. This characterization is in terms of the probability that a region of the observed number of voxels could have occurred by chance [p(n max Ͼ k)], giving the corrected p values at cluster levels for multiple comparisons over the entire volume analyzed, or that the peak height observed could have occurred by chance [p(Z max Ͼ u)], giving the corrected p values at voxel levels. p Ͻ 0.05 of a corrected p value was used as a statistical threshold (Friston et al., 1994 (Friston et al., , 1995b . Because of generous threshold of Z Ͼ 2.3, activated regions during bimanual movement conditions compared with rest conditions constituted a large activated field. Hence significant activated foci were reported on the basis of the peak height: p Ͻ 0.05 with a correction for multiple comparisons (Friston et al., 1995b) .
To identif y the cortical areas related to the control of the bimanual finger movements, parallel and mirror sequential finger movement conditions in E xperiment 1 were compared. From E xperiment 1, we obtained a priori information for E xperiment 2 as to which regions would show increase in rCBF during parallel movements compared with mirror movements. Because voxel-level significance has strong control over the regional specificity of the activation (Friston et al., 1996) , activated foci that reached voxel-level significance ( p Ͻ 0.05 with correction for multiple comparisons over the entire brain) were used for anatomically constraining hypothesis for E xperiment 2. As the basis of statistical inference of any activations that fall within the F W HM of the prespecified location in SPM(Z), we used the p value of voxel-level with a Bonferroni correction for number of the prespecified locations (Friston et al., 1996) . F W HM of SPM(Z), which indicates the extent of autocorrelation of the data or dependency of the Z value of one voxel on its neighbors, was estimated by the variance of the first derivatives of SPM(Z) in three directions (Friston et al., , 1995b .
RESULTS

Experiment 1
The performance of the mirror movements was slightly but significantly better than that of the parallel movements, but there was no significant difference between the mirror and the parallel movements for trial effect or interaction between sequence and trial effects (Table 2) .
Both mirror and parallel movements activated the primary sensorimotor cortex (SM1) extending to the premotor cortex (PM), inferior and superior parietal lobule (LPi and LPs), cerebellum, putamen, and thalamus bilaterally, and the posterior SMA. In addition, the midbrain and right prefrontal cortex were significantly activated by the parallel movements, but not the mirror movements, compared with the rest condition. (Tables 3, 4) .
The right dorsal premotor area (PMd) extending to the posterior SMA showed significantly greater activation during the parallel movements compared with the mirror movements (corrected p Ͻ 0.05) (Fig. 1, Table 5 ). These areas showed significant but less prominent activation during the mirror movements than during the parallel movements compared with the rest condition (Table 5) . 
Experiment 2
There were no erroneous movements in any of the tasks (right only, left only, mirror, or parallel movements of the index fingers) in all subjects in all trials.
Abduction-adduction movements of the right index finger activated the left SM1 extending to the posterior SMA, and the right cerebellum. Left index finger movements activated the right SM1 and a region extending from the anterior cingulate gyrus (ACG) to the posterior SMA, left ventral premotor cortex, and the left cerebellum. Bimanual movements activated the SM1 and a region extending from ACG to the posterior SMA, LPi, basal ganglia, and thalamus bilaterally, and the right prefrontal cortex (Tables 6, 7 ). The right PMd with Talairach's coordinates of x ϭ 20 mm, y ϭ Ϫ10 mm, and z ϭ 52 mm, and x ϭ 22 mm, y ϭ Ϫ10 mm, and z ϭ 52 mm showed activation during parallel sequential movements compared with mirror movements with voxel-level significance corrected for multiple comparisons (Table 5 ). Hence assessment of the activation during parallel abduction-adduction movements compared with during mirror movements was restricted to the regions that fall within the FWHM of this location. Estimated FWHM of SPM( Z) was 14.9 mm in x, 16.0 mm in y, and 19.4 mm in z axis. With this anatomical constraint, the areas of right PMd and right posterior SMA were significantly activated with a Bonferroni correction for two foci ( p Ͻ 0.01) (Table 8, Fig. 2 ). Measured with the normalized MRI, the location with coordinates (14, Ϫ6, 48) was 8.0 Ϯ 3.3 mm (n ϭ 9; mean Ϯ SD) above the cingulate sulcus, confirming that it is in the SMA region in this particular group. Measured in the template MRI (shown in Figs. 1, 2) , the location (14, Ϫ6, 48) is 9 mm above the cingulate sulcus.
The parallel abduction -adduction movements activated these areas more prominently than unimanual movements of the index fingers, whereas no significant difference was observed between mirror bimanual movements and unimanual movements of either hand (Table 8 ).
DISCUSSION
Bimanual movements of different characteristics
Because both parallel and mirror are the characteristics of bimanual coordination, the difference between parallel and mirror is attributed to the difference of bimanual coordination. Hence areas showing increased rCBF during parallel rather than mirror should have a role in bimanual coordination. The right-sided larger activation also suggests that more work is necessary in the parallel movements than mirror movements in the right hemisphere, whereas left-sided neural networks might be used equally in both conditions. The slight difference in performance of sequential movements and no difference in nonsequential movements may suggest that the performance difference is related to sequence generation and not to bimanual coordination.
Supplementary motor area
Activation of the SMA is associated with the initiation of movement, motor programming (Roland et al., 1980) , motor planning (Orgogozo and Larsen, 1979; Grafton et al., 1992; Rao et al., 1993) , readiness to move (Fox et al., 1985) , motor learning (Roland et al., 1989; Seitz et al., 1990; Grafton et al., 1992) , complexity of the movement (Shibasaki et al., 1993) , and responsiveness to internal cueing of movement (Halsband et al., 1993) or to the selection of movement (Deiber et al., 1991) . The SMA is now argued to have two distinct areas with different functions, that is, the anterior SMA or pre-SMA, and the posterior SMA, or SMA proper (Luppino et al., 1993) . They are roughly divided by the vertical anterior commissural line (Deiber et al., 1991) . Previous studies suggest that the SMA has a role in bimanual coordination. Brinkman (1981 Brinkman ( , 1984 found that unilateral ablation of the SMA in monkeys produced a long-lasting deficit in bimanual coordination, especially prominent when the SMA lesion was contralateral to the nonpreferred hand. Laplane et al. (1977) found that three patients with unilateral SMA excision for control of epilepsy showed an inability to perform alternating movements of the hand that required reciprocal coordination. Chan and Ross (1988) reported a patient with an infarct of the right SMA who showed pathological left-handed mirror writing and mirror movements during bimanual coordination. They hypothesized that the SMA may be responsible for nonmirror transformation of motor programs originating in the left hemisphere before execution by the primary motor area in the right hemisphere.
This hypothesis is supported by other studies. First, a leading role of the left hemisphere for bimanual movement is suggested by the hypothesis that the left hemisphere is dominant for motor programs. Studies involving brain lesions showed that the left cerebral hemisphere can exert some ipsilateral motor control (Wyke, 1966 (Wyke, , 1967 (Wyke, , 1968 (Wyke, , 1971 K imura and Archibald, 1974; Kimura, 1977; De Renzi et al., 1980; Jason, 1985) . Concerning the effects of task complexity on movement ipsilateral to lesions, Haaland et al. (1987) found that patients with left-sided cerebral strokes showed greater impairment with a less complex movement than with a more complex movement, whereas patients with right-sided cerebral strokes did not. They speculated that the less complex task was performed as a preprogrammed, open loop movement, whereas the more complex task was performed by visual guidance (closed loop movement), concluding that the left hemisphere is dominant for preprogrammed movements. These notions are consistent with the present study, because sequential finger movements were open loop, preprogrammed movements. Second, cerebral dominance and asynchrony between bimanual movements have been reported. During a bimanual circular tracking task, the right hand leads the left hand by ϳ25 msec (Stucchi and Viviani, 1993; Viviani et al., 1995) . Because this delay is compatible with intercallosal transmission, the mechanism responsible for setting and maintaining the rhythm may be located in the left hemisphere, with the other hemisphere receiving time-keeping information through an interhemispheric connection.
Third, a study in nonhuman primates showed that the SMA hand representations are strongly interconnected via the corpus callosum, whereas the transcallosal interconnections of the M1 or between the SM A and the M1 are sparse (Rouiller et al., 1994) .
Finally, using transcranial magnetic stimulation, which can demonstrate the contribution of a cortical area to a task by transiently disrupting its f unction, Pascual-Leone et al. (1994) showed that stimulation to the SM A disrupted the performance of parallel sequential finger movements and converted them to mirror movements. They concluded that the SM A was required for the synchrony of bimanual movements and for the bimanual coordination of parallel movements.
These findings, together with the present study, suggest that the posterior SMA is related to the nonmirror transformation of sequential finger movements.
Dorsal premotor area
The "premotor cortex" is a term originally applied to the lateral portion of the frontal agranular cortex rostral to the primary motor cortex (Dum and Strick, 1991) . Premotor lesions can be characterized by the disintegration of the dynamics of the motor act and skilled movements (Kleist, 1907 (Kleist, , 1911 Luria, 1966) . Although some types of apraxia have been related mainly to left premotor lesions, a role for the right premotor area has occasionally been described (Halsband et al., 1993) . The premotor cortex in the primate is heterogeneous and composed of multiple areas, including the PMd and the PMv (Dum and Strick, 1991; He et al., 1993) . PMd is located around the precentral dimple of the monkey, and PMv is in the postarcuate region. The right premotor cortex, which showed more activation during parallel movements than during mirror movements in the present study, may be equivalent to the PMd because of its dorsal location. Mushiake et al. (1991) showed that the motor set-related activity to perform a remembered sequential movement was more frequent in the PMd than in the PMv. In addition, sequence-specific neurons were more numerous in the PMd. During hand movement with instruction of the direction and amplitude, Kurata (1993) showed that set-related activity of the PMd was most active after instruction stimuli (ISs) were given for both amplitude and direction, not after IS for either one alone was presented. Thus PMd set-related activity may contribute to motor preparation by providing specified amplitude and direction. A majority of set-related neurons after obtaining two ISs showed activity reflecting both amplitude and direction, suggesting that these two parameters were integrated in PMd set-related activity. These findings suggest that the PMd may have a role in preprogrammed processes linked to sequential motor actions (Kurata, 1993) . The PMd has dense corticocortical input from the SMA (Kurata, 1991) . The functional significance of the input may be to provide the information necessary for motor set, so that the PMd could generate a program more closely reflecting motor aspects (Kurata, 1991) . In nonhuman primates, the SMA and premotor cortex showed premovement activity. A portion of cells with movement-specific activity were observed exclusively in relation to the bilateral key press (Tanji et al., 1988) . Hence the right PMd may integrate information such as the sequence of finger movements from the SMA to fit the left finger movements into that of the counterpart.
Abduction-adduction movement of index fingers
The present study showed that the activation of the posterior SMA and right PMd was significantly more prominent during parallel abduction-adduction finger movements than during mirror movements. The difference may originate from coordination of the muscular activity rather than programming sequences or execution. In these areas, there was no significant difference in activation between mirror abduction-adduction movements and unimanual movements, whereas the parallel movements were associated with greater activation than the unimanual movements. This implies that mirror movements do not need additional involvement of the SMA and right premotor cortex. Involuntary mirror movements on one side of the body that occur as mirror reversal of an intended movement on the other side of the body (Cohen et al., 1991) are common as normal phenomena in children and usually disappear after the first decade of life (Connolly and Stratton, 1968) . The timing of this disappearance coincides with the completion of myelination of the corpus callosum (Yakovlev and Lecours, 1967) , implying the importance of interhemispheric connections to generate nonmirror movement. These findings suggest that the SMA and right PMd may suppress the "default" mirror movements for nonmirror, bimanual coordination.
Other areas of activation during bimanual movements
Bimanual movements activated well established parts of the motor system. Additional activation in the midbrain was noted during sequential parallel movements, and in the right prefrontal cortex during sequential parallel and abduction -adduction movements. Because no significant difference between parallel and mirror was noted, the role of these areas may not be specific to bimanual coordination. Jenkins et al. (1994) reported activation of the midbrain during the learning of a new sequence of finger tapping, whereas no significant activation occurred during performance of a prelearned sequence. They speculated that this activation represented activation of cerebellorubral pathways, although the effect of increased attention in learning a new sequence was another possibility. Because the tasks had a minimal learning component in the present study and because the subjects had to attend to their fingers and the auditory cues to perform the bimanual movements, the activation of the midbrain may be related to increased attention (Kinomura et al., 1996) .
The right prefrontal cortex is also related to sustained attention (Pardo et al., 1991) . To perform bimanual movement, on-line monitoring of the position of the fingers is necessary. Because the right prefrontal cortex is involved in spatial working memory (Jonides et al., 1993) , activation of the right prefrontal cortex during bimanual movements may be related to increased spatial attention and spatial working memory. *With a priori an anatomical constraint that the right PMd with Talairach's coordinates of x ϭ 20, y ϭ Ϫ10, z ϭ 52, and x ϭ 22, y ϭ Ϫ10, z ϭ 52, specified by the (parallel -mirror) comparison of bimanual sequential finger movements in Experiment 1, and its surrounding regions, which fall within the FWHM of the SPM(Z), are the regions of interest. A Bonferroni correction for the two locations was applied.
